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Abstract. Francis turbines operating at part load condition experience the development of non-
stationary phenomena and there is a risk of resonance in the case when the disturbance 
frequencies are close to the eigen hydroacoustic frequencies of the waterway. Usual way for 
analysis of the hydroacoustic phenomena is an one-dimensional approach when the flow duct is 
divided into elementary parts, which, in turn, have being modeled by elements of an electrical 
circuit with equivalent resistances, capacitances, and inductances. Such approach was presented 
in details by Nicolet (2007) in his thesis. The most serious milestone in use of the electric circuit 
analogy lies in the problem, how the resistance, capacitance, and inductance of the turbine runner 
can be evaluated. The simplest approach is reduced to determination of resistance only through 
universal characteristic of the turbine. In the same time, one should understand that in the wave 
phenomenon both, the amplitude and phase will be changed during pass over the runner. In this 
paper, we propose an approach for modeling hydroacoustic phenomena, where the data on the 
passage of an acoustic signal through the system "spiral chamber – stator columns – guide vanes 
– runner" are taken from the CFD calculations. That is, during calculation of the flow in this 
system at some operation point we fix relations between the amplitude and phase of the pressure 
and discharge pulsations at the input into the system and its output and then use them as 
characteristics of element of hydroacoustic electric-like chain. 
1.  Introduction 
At present, hydroelectric power stations are practically the only quickly operating and highly efficient 
regulatory body in the electric grid systems. First of all, it necessary to single out high head hydraulic 
power stations with a power of hundreds of megawatts, which usually are equipped by Francis turbines. 
Together with the advantages in regulating and the magnitude of unit capacity when using Francis 
turbines, there are serious problems with non-stationary phenomena in non-optimal operating modes. 
Along with hydrodynamic perturbations and oscillations caused by separated flow around the elements 
of the flow path, appearance of instabilities, possible formation of steam or air-vapor cavities or bubbles, 
there is a risk of resonance in the case when the disturbance frequencies are close to the eigen 
hydroacoustic frequencies of the waterway, in the electrical network, eigen mechanical vibrations of 
buildings and structures, etc. 
To analyze hydroacoustic phenomena, a one-dimensional approach is widespread, where the flow 
duct is divided into elementary parts, which are modeled by elements of an electrical circuit with 
equivalent resistances, capacitances, and inductances. The most complete description of hydroacoustic 
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models can be found in the thesis by Nicolet [1] (see also monograph by Dörfler, Sick and Coutu [2]). 
C. Nicolet is also the main developer of the software package "SIMSEN", which allows calculating non-
stationary processes in the electrical, hydraulic and mechanical parts of a hydroelectric power station. 
The disadvantages of the approaches mentioned include, first of all, in a very simplified method for 
taking into account the interaction of hydroacoustic perturbations directly with the turbine. Most often 
it is estimated with use of the universal characteristic of the turbine - by the slope of the "head-to-
discharge" relationship at a fixed opening of the guide device. In this case, to a certain extent, the change 
in the amplitude of the acoustic disturbance is taken into account when it passes through the system 
"spiral chamber – stator columns – guide vanes – runner". However, any wave is characterized by 
amplitude and phase.  
In this paper, we propose an approach for modeling hydroacoustic phenomena, where the data on the 
passage of an acoustic signal through this system are taken from CFD calculations. That is, an element 
(from the entrance to the spiral chamber to the inlet to the draft tube) is integrated into the one-
dimensional system of elements of the flow path, modeled by a network of electric four-poles, for which 
the relationship between pressure and flow pulses at the inlet and outlet is obtained by calculation. 
2.  Hydroacoustic model 
The lengths of pipe elements in hydro power stations (see schematic in Figure 1) is high enough and in 
view of low frequency disturbances and small diameter of the channels relative the wave length, it is 
reasonable to consider wave dynamics in the one-dimensional approach. The system of equations 
describing the hydroacoustic looks as follows [1] 
 
2
1
sin 0
2
0
C Cp C C
C g
x t x D
p p C
C a
t x x
   
+ + + + =
   

   + + =
   




 (1) 
Here p is the pressure,  is the water density, C is the flow velocity, g is the acceleration due to gravity, 
D is the channel diameter,  is the local loss coefficient, a is the wave speed. The flow velocity C is 
considered as averaged over the channel cross-section, so discharge is Q = CA, where A is the cross-
section area. 
Hydroacoustic phenomena are characterized by a high wave speed a (of order of 103 m/s) and low 
flow velocities C (of order of 101 m/s), thus the convective terms C∂/∂x can be neglected when compared 
with the terms ∂/∂t responsible for the disturbances 
propagation. Thus, passing from p to piezometric 
pressure (head) h one can derive simplified system 
instead of (1)  
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The system of equations (2) is similar to equations 
describing unsteady phenomena in electric circuits. 
Thus, for some part of the hydraulic system analogs of 
resistance, capacitance, and inductance can be 
introduced 
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Figure 1. System scheme. 
Draft tube, L2 
System "spiral 
chamber – stator 
columns – guide 
vanes – runner" 
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The turbine is often characterized by inclination of the curve Q11 – n11 on the turbine hill chart at a 
fixed wicket gate opening  (see for example [3]) 
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Here D0 is the turbine outlet diameter, Q11 = Qh–1/2D0–2 and n11 = nD0h–1/2 are the specific discharge and 
specific rotational speed respectively. Considering the Francis pump-turbine, Nicolet [1] introduced 
effective inductance of the part of system starting from the inlet to spiral case up to outlet from the draft 
tube 
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Nonetheless in reality the process of interaction of the pressure wave with the turbine elements looks 
more complex. The wave enters a curvilinear spiral chamber, interacts with the cascade of blades of the 
stator columns and guide vanes, then interacts with blades of the rotating runner. So, the simplified 
characteristics like (4) and (5) don’t reflect complex acoustic processes in the turbine. Here we develop 
an approach based on CFD modelling to predict the turbine hydroacoustic characteristics. 
3.  Numerical model 
During numerical modelling of the hydroacoustic phenomena there arise few problems. First, it is 
necessary to take into account the water compressibility. Also, at modelling we need in the equation of 
state P = f(ρ). There exist various kinds of the equation of state [4]. In this research we will use Tait 
equation 
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Here ρ is the liquid density at pressure P, P0, ρ0 are the pressure and density at normal conditions, m is 
the compressibility index. The modulus of elasticity K = a2ρ. 
A progressive and economical enough method of Detached Eddy Simulation [5] together with k− 
SST model by Menter for turbulence has being used for calculations. 
Another problem relates to the rotor-stator interaction. Here we use approach of “frozen runner” 
when the problem is considered in the reference frame rotating together with the runner. 
Two equations describe the hydroacoustic processes together with (6) 
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where u is the velocity vector,  is the viscous stress tensor, Ω is the angular velocity of runner rotation, 
g is the vector of gravitational force. Components of the viscous stress tensor are defined as: 
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where  is the dynamic (molecular) viscosity, ij is the Kronecker’s delta symbol. 
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Components of the Reynolds stress tensor  t are determined with use of Boussinesq hypothesis on 
isotropic turbulent viscosity 
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Here t is the turbulent viscosity, k is the kinetic energy of the turbulent pulsations. 
DES method used in this research was based on k− SST model by Menter with equations  
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The dissipation term of the turbulent kinetic energy is modified for the DES turbulence model as 
described in [6]. In this model dissipative term in k-equation is modified by means of switcher FDES 
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where Lt is the turbulent length scale, CDES is empirical constant, and  is defined as the maximum of 
three sizes of the control volume x, y, z. 
Earlier test calculations had shown that this technique can reliably consider large-scale turbulent 
fluctuations in water turbines and estimate their frequency [7–9]. 
Few words about the numerical approach. Discretization of transport equations was carried out by 
the control volume method on unstructured grids. Coupling of the velocity and pressure fields for 
incompressible flow was realized using the SIMPLE-like procedure. For the approximation of the 
convective terms in the equations for momentum components the Quick scheme was used. For the 
approximation of the convective terms in the equations for turbulent characteristics up-wind scheme 
was used. The nonstationary terms were approximated by an implicit second-order exact-order scheme. 
Diffusion terms were approximated by a second-order scheme. 
4.  Calculation of the pressure field inside the turbine 
Calculation of the pressure field was fulfilled for the Francis turbine with specific speed nq = 50. 
Computational grid consisted of about 5 million cells (see Figure 2). The grid at the runner blades and 
the guide vanes was fined. The grid detailing was sufficient both for describing the integral 
characteristics of the hydroturbine and for describing the main nonstationary phenomena in the flow 
path. The time step was 10–5 s, that was enough to catch the phenomena under consideration. 
Calculations of unsteady flow in Francis turbine were performed for a fixed head corresponding to the 
designed head and for three operation points with power 38 % of the optimum power, 84 % and 100%. 
To analyze the acoustic oscillations of the flow in computational aeroacoustics, it is customary to use 
the value of the time derivative of the density ∂/∂t. This quantity visualizes well the acoustic waves. 
Some examples of the acoustic field in spiral chamber are shown in Figure 3. The figure demonstrates 
the acoustic wave in successive time moments for the optimum power. In Figure 4 (the same operation 
point as in Figure 3) one can see generation of cylindrical like waves separating from the edges of the 
runner blades. 
An illustration of unsteady behavior of the pressure at the penstock wall is shown in Figure 5 by red 
curve. The observation point is located middle of the penstock height. The blue curve corresponds to 
the calculation in incompressible problem statement. As seen during calculation with taking into account 
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the water compressibility the amplitude of pressure oscillations is about four times higher than in the 
perfect incompressible fluid. The oscillations spectrum differs significantly for these two calculations 
(Figure 6). One can see high frequency harmonics shown in red in comparison with the incompressible 
calculation (blue curve). 
 
   
Figure 2. Elements of the computational grid in the turbine area (left) and inside the runner (right). 
 
   
 
   
Figure 3. Evolution of the density time derivative on the turbine walls. 
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Figure 4. Isolines of the density time derivative on the runner walls. 
 
 
Figure 5. The time dependence of the pressure at the penstock wall. Blue curve – incompressible model, 
red curve – compressible model. 
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Figure 6. The spectrum of the pressure oscillations at the penstock wall. Blue curve – incompressible 
model, red curve – compressible model. 
 
Turning back to main goal of this research let’s consider in next Section the discharge and pressure 
oscillations at the spiral casing input and runner output. 
5.  Calculation of the turbine hydroacoustic characteristic 
An example of calculated time dependencies of the discharge and pressure oscillations at the spiral 
casing input and draft tube input for the operation point corresponding to 84 % of the optimum power 
is presented in Figure 7. The level of disturbances is centred relative the averaged values and made 
dimensionless by dividing over these values. The main sources of disturbances are located in the turbine 
area and in the draft tube. In the penstock the level of oscillations is lower than in these two areas. 
Further we analyse spectra of the disturbances found during the simulation. The main attention should 
be paid to the phase shift between the signals at input to the system and its output. The phase shift 
between the pressure oscillation at the draft tube input and spiral chamber input is shown in Figure 8. 
The curve in graph looks as noisy. The reason is in inappropriate way for the phase determination. There 
exists the problem of 2 shift in the analyzing software. We smoothed the phase spectrum manually (see 
red line on the graph). As seen the process of the pressure wave passing through the system "spiral 
chamber – stator columns – guide vanes – runner" is highly nonlinear. 
 
6.  Conclusion 
In this paper we proposed new approach for modelling the hydroturbine when it is considered as an 
element of the whole hydroacoustic system. To realize the approach, first, we perform pulsation flow 
calculations in the system "spiral chamber – stator columns – guide vanes – runner" system at the 
interesting operating point. Then we analyze the amplitude and phase spectra of pressure and discharge 
pulsations at the input into the system and its output. The information obtained is used to formulate a 
discrete one-dimensional model of the whole flow path. 
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Figure 7. Time dependencies of the discharge and pressure oscillations  
at the spiral casing input and draft tube input. 
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Figure 8. Phase shift between the pressure oscillation  
at the draft tube input and spiral chamber input. 
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